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Abstract – Salmonellosis in calves has economic and welfare implications, and serves as a potential source
of human infections. Our objectives were to assess the risk of Salmonella spread following its introduction
into a herd of pre-weaned calves and to evaluate the efficacy of control strategies to prevent and control
outbreaks. To meet these objectives, we developed a model of Salmonella transmission within a pre-weaned
group of calves based on a well documented outbreak of salmonellosis in a calf-raising operation and other
literature. Intervention scenarios were evaluated in both deterministic and stochastic versions of the model.
While the basic reproduction number (R0 ) was estimated to be 2.4, simulation analysis showed that more
than 60% of the invasions failed after the introduction of a single index case. With repeated introduction
of index cases, the probability of Salmonella spread was close to 1, and the tested control strategies were
insufficient to prevent transmission within the group. The most effective strategies to control ongoing
outbreaks were to completely close the rearing operation to incoming calves, to increase the proportion of
admitted calves that were immunized (> 75%), and to assign personnel and equipment to groups of calves.
calf / Salmonella / transmission model / control
1. INTRODUCTION

Salmonella enterica colonizes the gastrointestinal tract of a wide range of hosts [22].
In cattle, Salmonella infection results in
both asymptomatic carriage and clinical
salmonellosis [22]. Infected cattle are a
potential source of human infections through
foodborne, direct animal contact and environmental exposures. Although cattle of
all ages can be infected with Salmonella,
serious infections and high mortality most
often occur in calves younger than 10 weeks
old [17]. Salmonella outbreaks in calves
are serious economic and welfare concerns
due to losses from mortality, treatment costs
and poor performance. Salmonella outbreaks
* Corresponding author: cl272@cornell.edu

are also a potential source of antimicrobial
resistance; an increased resistance to ceftrioxane has been reported during the course of an
outbreak in dairy calves1 .
Calves in raising operations are at high
risk of suffering salmonellosis [15]. In raising
operations the continual admission of new
calves from mixed sources and the highdensity confinement of a large number of
susceptible animals favor the transmission of
Salmonella. As a result, infection in a limited
number of calves can spread very rapidly
through the herd. Salmonella transmits predominantly by a fecal-oral cycle [22]. Direct
1

Ray K.A., Epidemiology of antimicrobial resistant
Salmonella on dairy farms in the Northeast and
Midwest USA, Doctoral thesis, Cornell University,
Ithaca, NY, USA, 2007.
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transmission occurs when infected animals
are housed with susceptible individuals in
conditions that favor the immediate transfer of
Salmonella from animal to animal. However,
Salmonella also survives very well in the
environment, which facilitates its indirect
transmission through contaminated fomites
and mechanical vectors. In individually
penned animals, this cross-infection (indirect
transmission) between infected animals and
contaminated fomites and vectors represents
an important route of transmission as suggested by the analysis of the spatial and
temporal patterns of Salmonella excretion by
calves penned individually [8].
Combined intervention strategies are generally applied during an outbreak. Isolation
of sick animals and establishment of strict
hygienic procedures are among the most
common measures recommended [3]. However, the approach of combining several
control measures makes it difficult to assess
the efficacy of each measure. Mathematical
models of infection transmission provide a
framework in which the effect of interventions
can be tested, providing specific management
guidance under a wide range of situations [1].
Our objectives were to assess the risk of
Salmonella spread following introduction in
calf-rearing operations and to evaluate the
effectiveness of control interventions in order
to: (1) control an ongoing Salmonella outbreak and (2) prevent Salmonella outbreaks in
operations that are free of Salmonella. For that
purpose, we developed a mathematical model
of indirect transmission of Salmonella in a
calf-raising operation. We used literature and
a well documented outbreak in a commercial
calf raising unit to obtain the management
and transmission parameters [6]. Scenarios
simulating different intervention strategies
were then evaluated.
2. MATERIALS AND METHODS
2.1. Outbreak description
The outbreak has been previously described in
Gardner et al. [6]. Briefly, in the Fall of 2001, a large
commercial dairy calf and heifer raising operation
Page 2 of 13 (page number not for citation purpose)
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suffered an outbreak of acute neonatal diarrhea.
Multidrug-resistant Salmonella serotype Newport
was isolated from clinically affected calves and
environmental sites. The pre-weaning calves were
housed in three identical barns. Each barn had
4 rows with 12 individual pens in each row.
Barns were filled as calves arrived, and calves in
two adjacent rows facing each other were weaned
simultaneously at approximately 5 weeks of age.
The index case was reported on August 19, 2001,
a three-day-old calf. Over the following 2 weeks,
11 calves housed in the same barn as the index
case developed salmonellosis. Although the first
cases were limited to one of the barns, cases were
reported soon in all 3 barns. During the outbreak,
the admission of the calves from the farm where
the index case originated was delayed to one week
of age and calves were housed in hutches 10 m
away from the barns. By the end of October,
the control measures were intensified; calves
with serum total protein lower than 5 g/dL were
rejected and management protocols were revised
to reduce Salmonella spread through personnel
movement. The new management protocol included
the discontinuity of the footbaths (footbaths tested
positive for Salmonella), the use of separate boots
and coveralls for each barn, and the restriction of the
entrance of equipment to the barns. The outbreak
lasted until approximately the end of December.
After December 21, 2001, no new clinical cases
appeared. Overall, the outbreak lasted 124 days, and
resulted in 99 clinical cases and 36 deaths.
2.2. Transmission model
In our model, calves (‘host population’) contaminated the workers/equipment (defined in the
model as ‘vector population’), and contaminated
vectors then infected calves completing the transmission cycle (Fig. 1). The model is an SIR
model for the calf population coupled with an
uncontaminated/contaminated model for the vector population. The model included the following
assumptions: (i) calves cannot infect other calves
through direct physical contact; (ii) in terms of
probability of contact, calves represented a single homogenous population. Although in the outbreak study, calves were initially allocated in three
different pre-weaning facilities, the same workers and equipment were used for all three barns;
(iii) only Salmonella-induced deaths were considered; (iv) because the time spent in the pre-weaning
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barns was shorter than the duration of the immunity,
recovered animals could not become susceptible to
Salmonella infection again.
The deterministic model is represented by the
following differential equations,


V+
N
dS
− cpi
= (1 −  − ) 1 −
S
dt
K
V
−(t)qS W


V+
dI
N
S − (m + )I
=  1 −
+ cpi
dt
K
V
−(t)qI W


dR
N
+ I − (t)qR W
=  1 −
dt
K
I
dV −
= V + − cpc V −
dt
N
dV −
dV +
=−
dt
dt
where the state variables S, I , R, and N represent
the number of susceptible, infectious, recovered,
and total animal population, respectively. V − and
V + represent the number of vectors free of
Salmonella and carrying Salmonella, respectively;
V represents the overall vector population (Fig. 1).
The term  is the admission rate of calves (animal
× day−1 ). The admission rate is adjusted based on
the ratio between the number of animals present in
the facilities at a given time (N ) and the maximum
capacity of the facilities (K). A proportion of the
admitted animals can be infected () or can be
immunized ().
The term W is the weaning rate (animal ×
day−1 ). Weaning takes places at discrete-times.
(t) takes a value of 1 when weaning takes places
every f days, producing a pulse of amplitude
qW (i.e, number of weaned animals), where qS ,
qI , and qR represent the proportion of S, I , and
R at a given time, otherwise (t) takes a value
of 0 (i.e, no weaning takes place). Parameter
 is the decontamination rate (day−1 ), c is the
contact rate per animal per vector (day−1 ),  is
the recovery rate (day−1 ), m is the Salmonellainduced mortality rate (day−1 ), pi is the proportion
of contacts between contaminated vectors and
susceptible animals leading to animal infection,
pc is the proportion of contacts between infected
animals and uncontaminated vectors leading to
contaminated vectors.
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Figure 1. Flow diagram representation of the model.
In small populations, demographic stochasticity
(i.e., fluctuations that arise from the random nature
of events at the level of the individual) can have a
large effect on infection dynamics. Therefore, we
also simulated and analyzed the stochastic analog of
the deterministic model. In the stochastic version,
the random events such as admission, infection,
and death were modeled explicitly using the direct
method of Gillespie [7].
For the baseline scenario (i.e., scenario without
interventions), most of the management and
transmission-related parameters were obtained
from the documented Salmonella outbreak
(Sect. 2.1. and Tab. I). Figure 2 (Panel a) displays
the epidemic curve of clinical salmonellosis. In
particular, the early phase of the outbreak (until
day 92) was used to estimate the model parameters.
This was because during that phase the management protocol remained unchanged compared
to the protocol in place before the outbreak and
additional control strategies were minimal.
2.3. Basic reproduction ratio
The basic reproduction number (R0 ) is the
threshold quantity that determines the potential of
an infectious agent to start an outbreak. We used
the next generation matrix approach to derive the R0
expression for the model [19]. The next generation
matrix (G) is (assuming (t) = 0),

cpi 
0
 
G =  cpc
0
(m + )
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Table I. Model parameters used for the baseline scenario.
Symbol

c
i

f

K
m


W

Definition
Decontamination rate (day−1 )
Coefficient of contamination (day−1 )
Coefficient of transmission of infection (day−1 )
Admission rate (animal × day−1 )
Interval between weaning events (day)
Recovery rate (day−1 )
Maximum capacity (animal)
Salmonella-induced mortality rate (day−1 )
Prevalence at admission (dmls)
Proportion of immunized animals at admission (dmls)
Weaning rate (animal × day−1 )

Value
0.051a
0.177b
0.177b
2c
38c
0.062d
144c
0.047e
0.035f
0g
24c

In the absence of interventions,  was based on the survival rate of multidrug-resistant Salmonella Newport in
dairy manure [24].
b
To obtain transmission parameters from the outbreak data, contact rate (c) and the probability of infection (pi )
or contamination (pc ) were combined into c and i respectively. In addition they were assumed equal and were
derived from the intrinsic growth rate of the early phase of the epidemic.
c
Demographic parameters were based on the management and capacity of the raising unit.
d
The recovery rate was estimated from the available Salmonella faecal shedding data in calves during two
outbreaks of S. Typhimurium1 .
e
Mortality rate was calculated as the number of deaths divided by the number of days at risk of death times the
number of calves at risk, where calves at risk were defined as the animals with salmonellosis and days at risk of
death were the mean duration of the infectious period.
f
Prevalence at admission was based on the outbreak data [6]. As part of the outbreak investigation, calves were
tested in the source farm that was suspected to be the source of the initial Salmonella cases. The ratio between the
number of calves admitted from the source farm positive to Salmonella and the total number of admissions was
used as baseline value.
g
Assumed value.
a

where the element g12 can be interpreted as the
expected number of cases in animals produced by
one contaminated vector in a susceptible population
during the expected time that the vector remains
contaminated. The element g21 can be interpreted
as the expected number of contaminated vectors
produced by one infected animal during its expected
infectious period. The basic reproduction number is
the dominant eigenvalue of the matrix G,

c 2 pi pc
R0 =
(m + )
Here, the values of contact rate (c) and the
probabilities of infection (pi ) and contamination
(pc ) are unknown. Therefore, we combined them
into c and i , where c = cpc and i = cpi ,
respectively.
The R0 for the case study was estimated from
the initial growth rate () of the epidemic. During
the early phase of the epidemic, the number of
Page 4 of 13 (page number not for citation purpose)

cases grows exponentially. The initial growth rate
() can be estimated by fitting the log of the
cumulative number of cases in the early epidemic
phase to a linear function (Fig. 2, Panel b). The
slope of the linear function is . Mathematically,
 is the dominant eigenvalue of the Jacobian
matrix evaluated at disease-free equilibrium of the
assumed model, and can be obtained by solving the
characteristic equation,
2 − (m +  + ) + (m + ) − c2 pi pc .
By combining both R0 and  equations, both
quantities can be expressed in terms of model
parameters, and related to each other as follows,

2 + (m +  + )
R0 = 1 +
(m + )
The R0 was then used to estimate c and i by
assuming that coefficients of transmission were
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Figure 2. (a) Epidemic curve of clinical salmonellosis for the outbreak described in [6]. (b) Cumulative
number of cases during the epidemics (log-lin scale). The estimated initial growth rate of the epidemics was
0.101 with a 95% confidence interval of (0.088, 0.114).

equal. We performed a sensitivity analysis to test
this assumption.
2.4. Risk of Salmonella spread following
introduction
In order to assess the risk of Salmonella
spread following introduction into a naïve operation
and its consequences, in addition to estimating
R0 , we evaluated the stochastic version of the
model. Two types of scenarios were run. In the
first set of simulations, we studied the effect that
the admission prevalence had on the transmission
dynamics. For a given admission prevalence, the
number of simulations (from a total of 10 000) in
which the introduction of infected animals resulted
in: (1) no transmission event (i.e., an admitted
positive animal did not transmit infection to a single
susceptible animal), (2) sporadic transmission
events (less than 20 cases), and (3) greater than
20 transmission events a year (excluding the
introduced index cases). The cut off of 20 cases

per year was chosen as an example of a severe
outbreak.
In the second set of simulations, we evaluated
the effect of introducing more than one index
case at once; this event is most likely to occur
when a cluster of animals from a source farm
infected with Salmonella are accepted. Simulations
were run until outbreaks were extinct; the number
of cases and duration of the outbreak were
recorded.
2.5. Intervention strategies to control ongoing
Salmonella outbreaks
Intervention strategies can be classified based on
the class (animals or vectors) and on the control
point (e.g., reducing the number of susceptibles
of the target class or reducing transmission) they
target. Although one single control measure may
target more than one control point (e.g. vaccination
increases the number of animals in the recovered
class, but also it may reduce infectiousness), in
(page number not for citation purpose) Page 5 of 13
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Table II. List of simulated interventions scenarios.
Control measure
Reduction of the admission rate by 50%
Complete closure of the facilities
Admission of immunized calves (high coverage)
Admission of immunized calves (medium coverage)
Admission of immunized calves (low coverage)
Reduction of Salmonella shedding by antibiotic treatment (30% reduction)
Reduction of Salmonella shedding by antibiotic treatment (60% reduction)
Reduction of contact rate by 33%
Reduction of contact rate by 66%
Hygiene measures, decreased environmental Salmonella survival by 33%
Hygiene measures, decreased environmental Salmonella survival by 66%

New value
=1
=0
 = 0.75
 = 0.37
 = 0.20
 = 0.09
 = 0.16
c = i = 0.128
c = i = 0.059
 = 0.076
 = 0.153

Abbreviationa
Adm50
Adm100
Imm75
Imm37
Imm20
Shed30
Shed60
Cont33
Cont66
Hyg33
Hyg66

a

Abbreviations consists of a three-letter abbreviation for the control measure and the percentage of reduction or
increase of the parameter value respective to its baseline value.

order to test the intervention strategies in the model,
each intervention was linked to a single parameter
(a simplifying assumption). The following control
measures were considered,
(i) The continual admission of new susceptible
calves can fuel the outbreak, increasing the duration
and final size of the outbreak. The effect of reducing
admission rate by half ( = 1) and the complete
closure of the facilities ( = 0) were tested.
(ii) The ingestion of colostrum from vaccinated
cows may provide passive protection against
salmonellosis in calves. In one study assessing the
efficacy of a modified live Salmonella vaccine for
adult cattle on a commercial dairy, the frequency of
Salmonella fecal shedding by calves that received
colostrum from cows vaccinated with the live
vaccine was lower than the control group [10].
We evaluated the effect of vaccinating the dams
by increasing the proportion of immunized calves
that were admitted (). In the default scenario, the
proportion of admitted calves that were immune
was assumed to be 0. In addition, three scenarios
were investigated. In the best case scenario, all cows
were vaccinated and colostrum uptake efficacy was
high ( = 0.75). In the other two scenarios, more
conservative vaccine coverage was assessed ( =
0.37 and 0.20).
(iii) Ceftiofur administered at an extralabel
dose reduced fecal shedding of Salmonella in
neonatal calves [5]. The time that calves shed
Salmonella concentrations higher than the infective
dose (105 CFU) [14] was reduced by a 60% in the
treated group [5]. Reductions of the duration of
Salmonella fecal shedding by 30% ( = 0.09) and
60% ( = 0.16) were tested.
Page 6 of 13 (page number not for citation purpose)

(iv) Contact between animals and vectors is
necessary for transmission. The mixing pattern can
be modified by assigning workers and equipment
to individual barns or groups. Decreasing the
movement of people and equipment between groups
increases the probability that next contact is with
the same animal, reducing the effective contact rate
by 33% ( = 0.128) and 66% ( = 0.059).
(v) Salmonella survives very well outside the
gastrointestinal environment. Strict sanitation and
disinfection are necessary to reduce contamination
of workers and equipment. We tested the effect
of improving hygiene by increasing the rate of
decontamination by 33% ( = 0.076) and 66%
( = 0.153).
Palliative treatments (e.g. electrolytes) have
the potential of decreasing Salmonella-induced
mortality without a reduction of the infectious
period. In addition to the intervention methods
described above, we evaluated the effect of such
treatments on the course of an outbreak by reducing
the mortality rate by half (m = 0.023).
Table II lists different control scenarios and
the change in model parameters linked to each
intervention scenario. To simulate an ongoing
outbreak, control measures were applied at day
20 when the number of infected animals was 5.
The effectiveness of intervention scenarios was
ranked based on 3 criteria: (1) predicted prevalence
at the endemic equilibrium (deterministic model),
(2) the accumulated number of cases until the
effective reproduction number (Re ), which is
the product between R0 and the proportion of
susceptible animals and uncontaminated vectors in
a given moment during the outbreak, reached 1

Salmonella outbreak interventions
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Figure 3. Probability of no transmission events (black bar), transmission, but less than 20 events per year
(light grey bar), or more than 20 transmission events per year (dark grey bar) when different prevalence at
admission were assumed.

3. RESULTS

Salmonella prevalence in admitted calves. The
median number of infected animals introduced
in one year ranged from one animal, when
prevalence at admission was 0.5%, to 26 animals when prevalence at admission was 7%.
The probability that introduced positive animals did not cause a new case in a year
dropped from 0.73 (prevalence of 0.5%), to
0.13 (prevalence of 2%) (Fig. 3). At prevalence higher than 2%, the probability of having more than 20 new cases a year was close to
1 (Fig. 3). More than one infected animal can
be introduced in a single event. As the cluster
of introduced index cases increased, the probability of not having an outbreak decreased and
the median of the outbreak size and duration
increased. The introduction of one positive
animal did not result in further new cases in
62% of the simulations, but introducing three
positive animals in one single event resulted
in outbreaks in 75% of the simulations, with a
median of 142 cases.

3.1. Risk of Salmonella spread following
introduction

3.2. Intervention strategies to control ongoing
Salmonella outbreaks

We assessed the consequences of introducing infected animals in an operation free
of Salmonella. Different degrees of exposure
to Salmonella were simulated by varying the

The estimated R0 for the case study
was 2.4. Figure 4 represents the predicted
evolution of Re by the deterministic model for
the baseline scenario and the most effective

(threshold value at which the outbreak is considered
controllable) (deterministic model), and (3) the
median number of cases during the outbreak
(stochastic model).
2.6. Intervention strategies to prevent
Salmonella outbreaks
From the list of interventions strategies
described in the preceding section, those interventions that are suitable for preventing outbreaks
in Salmonella-free farms (i.e., immunization,
restricting vector movements between groups, and
hygiene measures) were evaluated. For three values
of prevalence admission (1, 3.5, and 7%), the intervention strategies were ranked based on the number
of simulations in which the introduction of infected
animals did not result in a transmission event. For
more realistic simulation of outbreak management,
the effect of simultaneous application of the most
effective intervention strategies was evaluated.

(page number not for citation purpose) Page 7 of 13
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Figure 4. Simulated effective reproductive number (Re ) (deterministic model) for the baseline scenario (◦)
and the most effective intervention scenarios to control an ongoing outbreak (Adm100 (), Cont66 (*),
Imm75 (♦), Hyg66 (+)).

scenarios outlined in Table II. For the baseline
scenarios, Re decreased rapidly from its initial
value (R0 ) to 1 at day 64. Afterwards,
Re fluctuated around 1, indicating endemic
stage. The fluctuations around one were due
to the demographics of the system (i.e.,
variable admission rate and pulse weaning).
The complete closure of the facilities to new
admissions (Adm100) had the largest impact
on Re (Fig. 4). In the stochastic simulations,
Adm100, Imm75, and Cont66 had outbreaks
with smaller size and duration compared to
other scenarios (Fig. 5). Although, decreasing
the environmental survival of Salmonella by
66% (Hyg66) was not enough to reduce
and maintain Re below 1 (Fig. 4), the
simulated outbreaks were small, with a median
lower than the scenario Imm75 (Fig. 5).
Combining Cont66 and Hyg66 measures was
more effective than combining Cont66 with
Imm75 (Fig. 5). Interventions were ranked
based on three model outputs (Tab. III).
Prevalence at endemic stage ranked Adm100
Page 8 of 13 (page number not for citation purpose)

and Shed 60, the first and fourth most effective
interventions, respectively. Cont66 was ranked
as the most effective scenario when the criteria
were either the accumulated number of cases
when Re reached 1 or the total outbreak size.
A scenario in which the mortality rate was
halved was simulated to assess the effect of
palliative treatments that reduce mortality, but
not morbidity. Decreasing the mortality rate by
half increased the median of outbreak size to
278 cases and the duration to 237 days.
3.3. Intervention strategies to prevent
Salmonella outbreaks

Strategies to prevent Salmonella outbreaks
in Salmonella-free farms were evaluated at
three levels of admission prevalence (Tab. IV).
At the lowest prevalence (1%), assigning
workers and equipment to specific groups
was the most effective preventive strategy.
When the contact rate was reduced by 66%
(Cont66), the probability of not having a new
transmitted case in a year increased from 0.53

Salmonella outbreak interventions
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Figure 5. Box plots for the variability in the number of cases during an outbreak (Panel a) and the
duration of the outbreaks (Panel b) for the baseline scenarios and the scenarios with individual control
measures (as listed in Tab. II) and combined strategies (C1: hyg66+cont66, C2: cont66+imm75, C3:
hyg66+cont66+imm75). The middle line in the box represents the median, and upper and lower areas of
the center box indicate the 75th and 25th percentiles.

to 0.80. The other scenarios showed limited
improvement with respect to the base scenario.
With admission prevalence of 3.5 and 7%, the
Cont66 was also ranked the most effective
scenario, but overall the ability of preventing
Salmonella cases was very narrow for all the
scenarios.
4. DISCUSSION
4.1. Modeling approach

As dairy farms become larger, the use of
off-site calf raising is becoming increasingly
common [20]. Biosecurity is an important

challenge for calf-raising operations; nearly
two-thirds of operations that sent heifers off
for rearing sent them to facilities where
they had contact with cattle from other
operations [18]. In this paper, we reported a
mathematical model of Salmonella infection
dynamics in a pre-weaned calf population.
Previous models of Salmonella transmission
in pre-weaned calf populations have focused
on closed dairy herds [13, 23], and to the best
of our knowledge, no transmission models of
Salmonella or other enteric pathogens in calfrearing operations have been published. While
the structure of the model can be applied to
(page number not for citation purpose) Page 9 of 13
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Table III. Ranking of the effectiveness of the intervention scenarios to control an ongoing outbreak based
on (1) the predicted endemic prevalence (deterministic model), (2) the number of accumulated cases when
Re reached the threshold value of 1 (deterministic model) and (3) the median of the number of cases for
outbreak (stochastic model).
Scenario
Base
Adm50
Adm100
Imm75
Imm37
Imm20
Shed30
Shed60
Cont33
Cont66
Hyg33
Hyg66

Deterministic model
Endemic prevalence
10.35
19.37
0
0.36
4.01
6.47
6.51
2.89
7.43
0.08
8.9
4.78

Rank
11
1
3
5
7
8
4
9
2
10
6

Table IV. Probability of not having transmission
events during a year in a farm free of Salmonella for
three levels of admission prevalence under different
control strategies.
Measures
Base
Imm75
Imm37
Imm20
Cont33
Cont66
Hyg33
Hyg66

Stochastic model

N cases (Re = 1)
67
50
32
34
49
57
61
50
65
6
61
40

Admission prevalence
1%
3.5%
7%
0.53
0
0
0.55
0.08
0.08
0.54
0.06
0.01
0.54
0.03
0
0.62
0.10
0
0.80
0.46
0.20
0.54
0.03
0
0.58
0.10
0

study the control of other enteric pathogens,
transmission-related parameters were mostly
derived from an outbreak of S. Newport,
and therefore, they may be applicable to
other highly virulent serotypes, such as S.
Typhimurium, but they may not apply to all
Salmonella serotypes.
We adapted the SIR model framework used
for indirectly transmitted diseases, such as
vector transmitted [1] and nosocomial infections [2, 4], to make more explicit the role that
personnel and equipment play in the transmission of Salmonella in individually penned
calves. Although the indirect transmission was
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the only route included in the model, direct
transmission may occur in individually penned
animals if the design of the pens allows animal
contact or splashing movements of pathogens
between adjacent pens [8]. The host-vector
and vector-host transmission terms were both
frequency-dependent because we assumed that
contact rates between animals and workers and
equipment were the result of the daily management activities of the operation, rather than
the number of animals or vectors. In addition,
both transmission coefficients (c and i ) were
set equal based on the assumption that the contact between animal and vector would result
on the same ‘infective/contamination dose’
for both animal and vector. The effect of such
assumption on the model outputs was assessed
by simulating scenarios having unequal transmission coefficients. With the deterministic
approach, the effect of unequal transmission
coefficient was minimal for the endemic
prevalence (< 1% change) and Re (< 0.02 unit
change). For the most probable alternative
(i.e. c > i ), with a c two folds greater than
i , the number of fade-outs predicted by the
stochastic model decreased from 60% to 52%
because the invasion process (i.e., contamination of a vector by the index case) became
more effective.

Salmonella outbreak interventions

We used both deterministic and stochastic
approaches to address our objectives. Deterministic models facilitate the estimation of
parameters and model analysis. In addition,
they provide a simple, intuitive measure of
control efficacy and risk of infection, R0 .
Although threshold values such as R0 are
useful in guiding disease control policies,
dynamics, stochasticity and finite population
effects can also have a major influence on the
effectiveness of control strategies [9, 11]. For
that reason, we analyzed the stochastic eventdriven model to assure that the conclusions
obtained by the deterministic model held and
to provide the size and duration distribution of
the outbreaks for such populations.
4.2. Risk of Salmonella outbreaks upon
introduction in calf-raising operations

Our first objective was to address what the
consequences were of introducing Salmonella
in a naïve population of unweaned calves. The
R0 determines the potential of an infectious
agent to start an outbreak [1]. In an indirect
transmission model, like the one presented
here, two generations were required to close
the cycle of infection from one calf to another
calf, and therefore one calf could infect 5.6
calves (= R02 ), indicating the high potential
for starting an outbreak. The distribution of
outbreak sizes had a heavy right tail (Fig. 5)
indicating that although large outbreaks were
more rare events, they were also possible.
The high turnover rate of the facilities, which
resulted in a continual replenishment of the
susceptible pool favored the persistence of the
pathogen in the premises.
The risk of Salmonella spread with
repeated introductions was evaluated by varying Salmonella prevalence of admitted calves
ranging from 0.5 to 7%. High prevalence or
clusters of infected calves at admission can
be expected when animals come from large
number of farm sources, especially if animals
are mixed during transportation [21]. With
prevalence at admission higher than 2%, the
probability of spreading the infection being
close to 1 highlighted the need for reducing
the risk of introducing Salmonella with
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incoming calves. The importance of screening
admitted animals for Salmonella was also
illustrated when the control strategies to
prevent Salmonella were evaluated; when the
prevalence at admission was 3.5% or greater,
the overall ability of preventing Salmonella
cases was very limited for all intervention
scenarios (Tab. IV).
4.3. Assessment of intervention strategies

Our second objective was to evaluate the
effect of intervention strategies to control and
prevent Salmonella outbreaks. We presented
the ranking of interventions based on different
criteria (Tab. III). By ranking the interventions with both deterministic and stochastic
approaches, we assessed the consistency and
robustness of the ranking. Overall, the median
of the total cases for outbreak and the average
endemic prevalence ranked interventions similarly, which suggests that both deterministic
and stochastic approaches are appropriate to
draw qualitative conclusions on effectiveness
of control strategies. For all the criteria
assessed, Cont66 and Adm100 were either the
first or second most effective scenarios; however the rankings were less consistent with the
less effective control scenarios (Tab. III). Scenarios differed in their ability to reach and to
maintain Re below 1, as well as how fast they
were able to decrease Re compared to the baseline scenario (Fig. 4). The hygiene scenarios
were not able to maintain Re below 1 because
we chose rather conservative reduction in
contamination (33 and 66%) to acknowledge
the difficulties in eliminating Salmonella from
farm environments. Persistence of environmental contamination after sanitation has been
described for calf units [12]. In a prospective
study carried out in 86 broiler houses, the
proportion of contaminated houses after
cleaning and disinfection was 38.4% [16]. For
the reported case study [6], once the control
measures aimed to reduce contamination of
the personnel and control traffic flow pattern
were in place, the outbreak began to decrease
in a few days. The abrupt reduction that both
hygiene and movement control had on Re may
have helped to control the outbreak (Fig. 4).
(page number not for citation purpose) Page 11 of 13
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Interventions that decreased the average
number of cases for outbreak also decreased
the variance of number of cases and duration
of the outbreak (Fig. 5). Some intervention
scenarios (Cont33 and Adm50) were ranked
very disparately. Reducing the admission
by 50% had a low impact on the outbreak
size because it had two opposite effects;
it decreased the pool of susceptible calves,
which in turn caused an increase in the proportion of infected calves. A higher proportion of
infected calves increased the force of infection
for the vector population. Results indicated
that admission of immunized calves (> 75% of
the admissions) could reduce considerable the
size and duration of the outbreaks. Previous
work examining the protective immunity of
current Salmonella vaccines [10] indicated
that the vaccine provided only protection
against serotypes within the same serogroup
of the vaccine strain, and therefore reaching
high percentage of immunized animals may
become challenging.
The efficacy of the interventions in preventing outbreaks was mostly driven by the
number of introduced infected animals. At low
prevalence, reducing the movements of workers and equipment was the most effective way
to prevent cases. Due to the high turnover of
hosts in the system, efforts should be made to
prevent introduction of infected calves. In that
regard, knowledge of the health status of the
farm sources is important to design an effective
prevention plan. Controlling traffic flow patterns and assigning workers to specific groups
are effective ways to prevent and control outbreaks. Assigning workers to specific groups
can be accomplished by either pairing workers
with groups of calves or by using a separate
set of clothing and boots for each group. When
feasible, the complete closure of the facilities
should be considered to stop outbreaks.
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